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(] (]
] (]
~m ] ] ] ] ] ] u-ctz
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57.24 58.32 59.4 60.48 61.56 62.64 63.72 64.8 65.88

a9 6. 60GHz 7149 Heu| e} Al2=Ele] =34 A dst A8

A2%. 60GHZ Zn s FAAF 7e &3} 5F

2 oA A3 E 60GHz v Hu dE A5 ¥8H2E 57 ~ 66GHz
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Hel& Z2H7F 2,16 GHz tl93= 2t 5 47]9] Ad= £33
). mEkA, 1.728GHz A719] & 93-S AFEste 2M-QAM WX 7|<S Ab
L3, 29 A9 (1.728 x M) Gbps £E & A|F3 5 YA Ao} v|= U3

T AES AFESA T, M 2 Ad 39 59 PHY V&9 Y &3 # 9
PHY/MAC 7|l& TAo=2 4 H 54 9 %53 3¢S Ay

7}. WirelessHD
60GHz CMOS RF £F+4% 7[A| 1L 9= SiBeams %02 2H A LGA

=
2}, mpAA A 7] NEC, &Y, E=AH 59 3A7F Bof AA 3 WirelessHD A4
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A2, HSHS HDTV 2S5 AV 7]7] AtolalA A1 & e 74 dAS

AL 2008 19 8389ttt WirelessHD 1.0 2L 60GHz WY F34-5 A}

9131, HRP(High Rate PHY)®} LRP(Low Rate PHY)¢] T 7}4] A4 2t 9L
23] dolg #4E(HRP: 0.95G~4Gbps, LRP: 2.5M~40Mbps) ¥ H4 HIYE v}
27 48 4 ok LRP AES 19 49 sdgt Fi4 93-S 7HA = HRP

A FUE 379 AR ZAA Uro] ddET LG ¥ JyAaY 2 WirelessHD

1.0 A4 SiBeam & ©A3F Wireless TVE 2009 ol A&3}515 A0 =&
2] Ag FofEol o3t 25 B 5o TAEEC AHH v At
20109 4¥€d= ‘“&x1F thE3F (Spatial Multiplexing)' 714S =438ty d4%

ol
lo

252 10~28Gbps7hA] s 4 9la, w3k ¢bE Ed4 @ USB 2.0/3.0
ol ZTREIFE A Y3t WirelessHD 1.1 7+Zo] HxEHALE. o5 3,
WirelessHD ZAAA Aol A3t 4 HD vt e AE A4S 34 3D TVE

sgstaA sl w3 T4 dlolE AgorE AEd JwE B8 Sk

Y. Ecma-387 2 ISO/IEC 13156
Ecma International TC48(e] A 9] TC32-TG20) 12 HHY2, ETRI A4 A
2b, gy, d' g 2xol Fg) o] #rkete] 60 GHz tige] <A ¥4 &

A& 913 PHY/MAC A5 % HDMI 58 A5 AlFol st o4 xS /st
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ar gtk 2008 12€9]l Ecma-387 1.0 74LF! FZ 9L & F &Y
oh[2]S 2E3 A 2009 11€¥€9] ISO/IEC 13156 =HA] A0 2 59 Wkt
Ecma-387/ISO-13156 11242 Type A, Type B, Type C9 A 7}# #A H3&
dosta Mz g2 439 FAF s ¥ 2L A4S 288 A¥se ZREF

7Ise Adsta ok 4 /@2 54E VlEshd & 39 2

i =¥ PHY £ MAC £3
Type A -  SCBT (2=%) &4t OFDM g4 - CA3bel/0ole Mg €
(397Mbps ~ | — RS-CC AHF Mg 2E - ClAAH 2 MHE0A CSMA/CA X
6350Mbps) | - MIOBHE €2 MCSE ZEg & U HIA Al A2
= ZE-NIOYME Zg4Yy X - OIOIE MHE20lAM DRP S& e o
- UEP JI& X& (e
- D% _EIO(Frank-Zadoff)y AIRA | - XX H21 DRP ZBS S8 2
g S8t ¢HU EdiolY 2t HEE 20l
- g =24 X - Aggregations S8t 85 &8 €4
- Il 1om M5 Yl - UE |8 XS89 &5 3 ¥
Type B - oY gEm AS 2A S 88 Z2EE N
(794Mbps~ | - RS A2 3Y
3175Mbps) | -  HE8H HE-NIOYE Zy e 2x
UEP XI&
- e 2¢ X
- 1~3m &5 " X
Type C - Y prEI dE A - DiaE-&di0IE S&
(800Mbps ~ | — OOK 2 4ASK B1& 24 - Type A/B X0 28t MHE &F
3200Mbps) | — RS Mg 2E
- 1m OlLf & &9

SCBT: Single carrier block transmission, CC: Convolution code, MCS: Modulation and coding scheme,
UEP: Unequal error protection, OOK: On-off keying, ASK: Amplitude shift keying, DRP: Distributed

reservation protocol
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[EEE 802.15.3c= 2003y 9¢ 802.15 WG 289 mmWave IG(Interest
Group)E AlZte &, 2004 3¥9%-E SG (Study Group) &% Az}, —1g]al 2005

W 5¥5E 60GHz el Hen|gaE o] &3t ¥4 7|& 7 TG(Task Group)
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S8k Al 7HA e 594 PHY WA 50l Ao, A WA 4] NICTS
FZ0 72 3= CoMPA(Consortium of Millimeter-wave Practical Applications)
gl A Ak @ wESHSC) WA olar, 5 WA= Tensorcom 5o Al
A Aersl HSI(High Speed Interface)-OFDM ®Hl2lo|™ | mix|uto & WirelessHD

A&A Gl ] AFet AV(Audio and Visual)-OFDM HAolt}, fAbgk F 7<)

I

OFDM 7|9k PHY ®2lE5o] 40 Xgs o] = o] 5 Aol ® 49 &

X
-0,

A 7HA PHY 32 %98 5349 /155 askstn o,

3 4 - IEEE 802.15.3c A 3 *H PHY/MAC 715 54 89

X =8 PHY £% MAC £3%
SC - ©Y ghsI ghAl - PNC =89 =Z2E=4 MAC
(258Mbps  ~ | - RS ©£= LDPC MY 3 I O2E2 (SC/HSI/AV ZE)
5280 Mbps) - d&EE Y 3280 Met Class 1 | - &g OIZYoAM =+ PHY 2
(15Gbps 0I5t K& &), Class 2 (pi/2 S A2 B8 (SC/HSI/AV 2
QPSK  ©HX), Class 3 (pi/2 =)
8PSK/16QAM H1X) 27 - SYNC Lggs St mIasl 2t
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- ZE 2C AlQZ2 ¥ PHY-UEP 2 2Hd 231 (SC/HSI/AV ZE)
A X - Xgd QHHILE AZE2 g
HIoe PX X8 (SC/HSI 2
3)
- HE ga % g2 Ad
aggregation 24l X|& (SC/HSI
38)
- MAC HS0AMS UEP X2
- F2&8(On-demand) % AI&H
(Pro-active) B&d Z2EZ X
2 (SC/HSI ZE)
HSI-OFDM - OFDM £ 4! - -
(32.1Mbps ~ - LDPC g 2¢
5775Mbps) - QPSK/16QAM/64QAM Bl /=X

- SC gt B8 2& AlOgE X
& 2 PHY-UEP K&

AV-OFDM - WirelessHD 1.0 =&  J|gt - LRP Z2EE S& dgE
@5Mbps  ~ OFDM =0 X
3807Mbps) - RS-CC 9% g 2¢ - AV aggregation 24l
= QPSK/16QAM (HRP) % BPSK - WirelessHD 1.0 =20
(LRP) B/=X g Uy Z2EE (73
- sColgt 38 Z& AlO€E X of SAIEX &8)

& 2 PHY-UEP A&

PNC: PicoNet Coordinator, LDPC: Low-Density Parity Check

2}, IEEE 802.11ad

[EEE 802.11ads, HIF koA AHE xFF3st 7195 vla 7P =
60GHz MGWS #& 29S ¥dstas AL ol de] ks o] gl= 802.11
FAdel wEst 7)FRA, o714 NEEE 60GHz BE AL L v &t
7B 2 AR JigEa vk 71E FAA g 11744 @dE 600Mbps]

44 £522 A¥sl= IEEE 802.11n +Ze] o]o], ITU-R WPS8F¢ IMT-

Advanced £7AFRH] WalAl 1 Gbps FAA% =S WEAY|IL T4% HDF
HT e Alge] 7 dAF Aul2E AT 5 e, Gbps o3 X A& =

¥ =2 3= Very High Throughput (VHT) ¥4 & 7|& =<9 255 I[EEE 802.11ad
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7F N ZE ATk 20073 5€¢] IEEE 802.11 A} VHT SG7F AL, o714
VHT FA4d Me]A~Z ¢33 Z}% usage model ® AHE Al Eo] =o%u},

VHT SG9¢ =9l oA =83 EHOZE 7]
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S AHESE A"l (VHTLE) 60 GHz W& AM&shs Al2=® (VHT60)O. 2
olgstrlo] 2008 H = FHAL =27t A= Helrt. o] F, VHTL6E
2008 11€¥€9) 802.11ac Al4f TG €< A#skslar, VHT60 HA] 20099 1€
FH 802.11ad TG &5& A AaSIth 1lad TG Folo] oA oR =2 olf+,
oln] 60GHz 345 Al83f:= WPAN A|2=®] %5 Jljdto] [EEE 48} 15.3¢c TG
oA & FolAaL, 1lad$t 156.3c Z=AE ko] xpHAo] x| L o|F=
af, 16 MGl A whtfE &kl7] wjZolnt. ol thal, VHT60 I FelA= o]
gy AgEE AW A AE59 60GHz F34+ dl9do 2 & (user experience
extension)¢] &olsttt= HI 2.4/5/60 GHz dl9-S YU=+ multi-radio AHE
71%:(fast session transfer: FST)S 7|3t AS 2pdE Hoz F3s19 o,
k| 15.3¢c o % 200849 12€9 ¥ ECMA-387 3+, 183l 20084 4€
of &dE 9A EF WirelessHD 1.0 714 53¢ &E4 (co—existence) 71&E&

BE e Exo =718k 15 Ao oldE FdozM 1lad TG FEL A7+

lladol M= ®F e @741 9 W E SO fist #4890 7154 &
TAFE (FR), 60GHz g =4 (CM), $E 759 H7F ¥4 (EVM) 2 AA
Azb (SP) EAES #AAse] 20109 1€97hA] 25 +<15t9oH, 2009 11¥€9)

X 7]EE9 27 (Call For Proposal: CFP) A& FA)3ta o]d wa} 20104
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393 549l TR VEEs 7a H =odewn 2449 60GHz (& VIeEE
of =olg AlFeHAl HAH o714 FEEoF & A2, s TAHeR BHrEd,

vpa, opAlE2 Bo) WY AAET ofF, vlolARALE, A4, w70k 5o

|

B 2 AuEE dx 5 309970 A7 2o ZAA3S Wireless Gigabit

:lu

A3
Alliance (WGA)°lA 3€ge 1.0 1145 Lxsqlthes Holth WGA 3| AbES
ol IEEE 802.110A4 =gk AleS PAdstar e, 43 3 ETRI®H: A
skl WGA Al F 3Ake] At 7lwEs Wae CPE 5¢¥ 3] YddA A=/Ix

Al Hglen), ofm Ashi deh g9tk YeA shte] CPE el NICTe)A

e
=5

st=dl, NICT+ 60GHz 718k 802.15.3¢c 114 /IS L3 A=, AlE/

e
l:kl

3k CP+= IEEE 802.15.3c Al 7|Htste] 2= A3 WGA-EH-ETRI &
% CP¢ v]uLste] Coexistence 7]=ol] FAF3 EAS 7FATH 20119 12¢€ A,

D5.0 74 A 7F ¢5¥aL ofdl] o AEA W] JPsa glon, o]f A2

flo

ZF7F4 <l sponsor ballot A3F-E AA 20129 7€l HF F29 WG 5<
2 EC %18 535, 1249 1299 RevCom % Standards board <18 =3}
o HF A4S Wels AS F dAHo R dhar Q)

¥ 55 llad ZHZE BAd x3d9 71%7 712 11 374 7|e53e 3o

3% 5 - 7]& IEEE 802.11 7]<¥ 1lad 7)< H]

s EF IEEE 802.11 IEEE 802.11ad D0.1

UESZ oI | oITtAERIY BSS, IBSS QI AESH BSS, IBSS, PBSS

2HEY HAHA =g J|gt TDMA DJlgt ANEH MHIA F2t (SP)
(PCF & PSMP & HCCA) SY ZYS SB S8 Sp 2¢

ZH Jlg HAA EDCA Nets HNAS XFGH= EDCA

ey 2 Non-AP EX| M3 2 Non-AP &X| & PCP HX| M3 =Y
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2ot HAHULS CCMP GCMP
A

1S &3 H2LIS | 11k 110l XgdE Xot= NHLES 2=
= 11r, 11u 73 JI= ME
2t THALS s e =d/28 LSS S8 32

60GHz K& PHY ls SC, OFDM, M& & sC
60GHz B &4 s AE AfD & HHE Z2ES T2
60GHz Z¢2ll0l s g3 A9E, g3 84, a0l 22 #3F

I=&ES

IBSS: Independent BSS, PBSS: Personal BSS, PSMP: Power saving multi-poll, PCP: PBSS Control Point,
HCCA: HCF controlled channel access, EDCA: Enhanced distributed channel access

CCMP: Counter mode with Cipher block chaining Message authentication code Protocol

GCMP: Galois/ Counter mode protocol
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hybrid 725 t& 71E9 ATFES Foka At of! X gES S
flEUT[20], 7! F=E GBS FE 7 UsYTh[30], &F! F= d&& FE 7
RFUT[31], 257! F=x ES 2 F UFYthi32] 57! A= 42 & &
REUT[33], &7 Fx &85 ZE F dFUTh[34]. A, Faedo] we
hybrid 25 AR&Sts B3 o] 27y 1 3o ot I % oA o
FE FAe a2 Fasd of Fx dES FE F JdFUTI2]dAM =
angle-of-arrival (AoA)E HU} AE
29 28-S adeta Aok, FuEd F! AE 9ES &L & gFYTh(29],
S Fx 9ES Fe 7 FYUTRI0], 257! Fx 9ES FE F fFYH(31]
SF Fx PES S F UFUhIBIAE hybrid AETFE2E AMHES ol
digital baseband beamformerWhs AREstH RF linke] #7F U4 Wolx FdH
Tt FURtE R ol 53] AEeltt. Haid oF! FE dES S F 4
FUTh[30], 257! F=x dES Z2S F flgUdh(31]el4= 2 RF linkel] &3
antenna elementE<2 grouping ot W (interleaved grouping: A= ©E RF

linkoll 43+ antenna elementE©°] €133 & vs. side-by-side grouping: #<

RF linko]| <%t antenna elementES A= AGA ) ©WE AHF HE A7s)
I ATt FuEd R FE 4ES FE

4 lEYTE (33191 4= hybrid %2
o] &3to] 7S Zolm ADCY resolutionS Zo|7] ¢35 HHhHe hE AT

7 aET Furd of FE 9ES 2& & Qa0 Fu5 A8

62



A9l wideband TFE7A = EolA FHA 2 beamforming vector’} F3o] EEpX

fr

FelM &S NS AR ATEAE A ol ATl v

s

A <}

Y

1wy ! Fx ABS FAS F UFUTH[2017F FAbsiH AL &

ATt

A2% Closed-loop MIMO®| &l #g 7|& o8
TX digital baseband beamformer, TX analog beamformer, RX analog beamformer,

RX digital baseband beamformerE AF&3}4 &S uwl, Hd do] HSl =HE

8o oEdon OF! FE ABES HE F FAFYTHI29)
NR
C=log,[I,, .. S -HH'| [bps/Hz]
RX RX MTX

ot 2ol Axtdnt. ofm SNR2 FFAAHE Feddgor v gholn. 919 &
i

S 47 A= AE dE HY rank 9 &

r\l

It}=3} data streams 43|
of g, FalFZd A= AE dd HE Lolof g},
TX digital baseband beamformer, TX analog beamformer, RX analog beamformer,

RX digital baseband beamformer”7} =% A2 ALT-Fo £FL

il

C =log,

L SR y

Pl Wi HW, P, )(Pl W, HW, P, ) ‘ [bps/Hz]

¢ Zo. ¢ F24& E& TX/RX analog beamformer®} digital baseband

63



beamformer 7} & %2)o] o 3F

o

vAA s e, vUe dAR fEe &

< A 7]+ TX/RX digital baseband beamformer} TX/RX analog beamformer
o s BAL zrA =Hrd, TX/RX digital baseband beamformer$} TX/RX analog
beamformer& FAlo| FHA A 7= WHS Felx] &, 53], TX/RX digital
baseband beamformert subcarrier®® 2d] AAsE < Y+ baseband digital
E=Z9] HhHo] TX/RX analog beamformer+ XE subcarriero] w3l =d3k 3Zlo]

A ook 3= RF analog E=o|t}. TX/RX digital baseband beamformer £}

TX/RX analog beamformerZ F Aol HZA3A|7]E HwhHo] T3l AFE= o|H A9

o]t Ho A= A TX analog beamformer®} RX analog beamformer: Fo] %t}

=
N
>

Asfar, o] AsboA TX digital baseband beamformer®t RX digital
baseband beamformererE X 24 3}A|7]= Wyl tha] Lo}HE 2}, TX beamformer P2}

RX beamformer W7} Fo]Htl s o=
H, =W, HW,,

g =2 F3d BE Zosl A He 41 portet 74l port oAl wpebE

Az olshshe Ak, o ol gdtel §34% vhA Hojnw

SNR
L

C=log, |+ (PLHP, )(PLHP, )| [bps/Hz]

KxK

64



o Zok 9 AL HusATle P, & P, & e EAE closed-loop
MIMOO A &3S H3}A 7]+ precoder &} postcoderE -3t EA¢F a1 o]d
gk 3= closed-form FEl= #F=2 5 vk, AAS 82 Fued /! F
Z AE8S & & ggYhI3s]ed vt e, AdH e hds] ddstd o

<3 2ok 94 Hy9 eigen value decompositione 3k, &, H7F th&3 2

H, =QDE’

2 ¥EAFHY, o] w] D= diagonal AEYF singular valueZts 7FAH v x|

2 00]a1, E9} Q= unitary matrix 7} ¥}, @E D9 singular value® 7]

oX
M

coZ wdHin. S, WA &8, 1M A de] AEel /M A, HA X
digital baseband beamformer®] 1A E 8" Eo WA d3 wako] T},
1¢]aL, TX digital baseband beamformerrie] 2zt de

value @& 7|Wro 2 Water-filling o] &ol uwtg} 24
2128} precoder?] ¥o] B IAAY & norm S ZHA
digital baseband beamformer®] iH# <G& Q9 A I FTdstr. o)
frequency-selective TF=A=Z fdolgt shH, d 3PHo| subcarrierd@=
tzrg FHAeo TX digital baseband beamformer®} RX digital baseband

beamformer = subcarrier HE d&kzit},

65



A224 mmWave MIMO % Analog Beamformer?] &3¢ 5%
A1% QY 113 HFY @E Mm Wave MIMO €39 & 5§74

B 138to| M= Bk B33 analog beamformer @} digital baseband beamformer 2
hybrid 7-%9 &% &4 3 HAsE w77 oldel dA4 olals sla hd3h
MINMO AJ2=®1e] mm wave AHEolAe] &S AEjst7l= vk, 53], mn wave A2
oA MIMO &%= Stelu FAo] F7hetel wel Sr7heiA, A= = &
de Holedl, ool A F ol TAF o]&F FAE ol AllFelA AA

Fide

a9 8. 2719 FRIQbEI Y} 279 Ak U2 A E MIMO Al

2 8 o] £ <hElvbel 27he] 4l qhElE PAR N0 AYS R

o, dAbalE glubar 7Fgste] 24 line-of-sight A3F A&vhs m#diBAb, 1

66



H WA ray-tracingol] &d| 7z} FA <HEVe} 7} S2Al QHHIY Afo]e] A gains

AR 5

sith. 41 QhElY nat 4 gkElL m Abele] AY gaine

— A — —
a,,= e , m=lor2, n=1or2

I o] AtEn. 7M. A= Az s . SV A% F

2719 T4 Abelel Al d o 7zt $A1 Evel ZF =4 QbHIL Abole] 7 g

d,, s vt e @A 9

[e)

o Ao AAASET. 2o, A Ade thew ol AsEr).

d diy ]
—jor—L —122%
e e
a a jan dll dl 2
11 12 P
H-= =e J
ay Ay -jar—t -jar—t
e e
d21 dz,z

67



t

r
:|N:':
e
ofo
ot

rlo

C =log,

1+2HH
2

b @ol FolAth LF! A= AEE L F YUFUTHIB]. o W p FA

Z25E A7 1 m Goixl A7l 9] SNRE HHEFT

SA719} 5417] Abol 9]

7]

Aol wlefA <FElv FAe] AR Avhar 7 siH
(r0 d), Ad PHL g o] TAH O

waAY,
d d,
e e
HU .
d 222 _jan2
e e A

MO Ao gl A7) fAANE A Ahe] Mz ge g5o] Nz 4
ahofok g},

2, M0 AY §3E Avises] AsA s

d d d d
,jzﬁj ,jzﬁﬂ *j27!£ ,jzﬂﬂ
=le * e e roe A

68



=>-— =- +—+n+—
A A A A
[ 72 2
A A 2

rtl dolm=

whebd, Qe ghZol 919 £AS WET W MO §FE Frixel ol=v,
e} 7H7e] 92U WIS gk AN
o)A gtk

% U AR §34S L 1A FFE FEHUES 54

69



94,
~j2a | N e X1
1]|e A e A e A A
HH =—
2
d —.72”@ —j27rdz—‘2 jard2 j2;z@
I 7j27rM 7]'271-M
1 2 e +e
B dz zﬂdz.l 11 2”d2,2*d1;
e +e A 2
o|m =
-d dyy—d
_ o japfia%e
1+_c,102 2'22 L 4e 7
1+2HA| =
2 Yo joa—2t PO P! P
2d° e 1+
p ’ ,0 ’ j2rm L2l 27zd2'2 12 2 12°72,.2 *‘i27fd2'l_d1'l
= 1+? - 2d2 2+€ e +e e
2 2 J2. 2 N ol —
124 Jazer o d—dter apdrt=d o e
P 1y > ! : -
= 1+? - 2d2 2+e e +e e
? 2 d_m . d*+r* —d
P P —jarn jar
= 1+? — 2d2 2 A +e 2

2d*

70

d-Nd'+r"
2




2 2
= 1+£2 - % 2+2cos| 4rx
d 2d A

17?

5 2
] 2+2cos 47rM
A

(1) ) [l

o] o 2+2005(27r
A

o 5 glv}. A=

=

s oy,
ERNICETE =3O FERE XY

3

[
o

otelu} 7+Z 9] WEo] wE g3 AE
g FUh (2219 oASATE. SNR F> 20 B2 7FA &)

71



d=20 m

d =10 m \

Capacity

0 5 10 15 20 2% 30

Antenna Spacing for both RX and TX [cm]

1309, 2x2 MIMO &2

A28 LoS YA Spatial Multiplexing Beamformer®] 3 ey 743

Al2& M= beamforming® 7 27§¢] spatial streame = AlZ=Fl oA
eheute] Jrell whek H A <relv 1+A gho]l ofwWA 2EkAm, SNRe| Wslof
whel gFgte] oW WES Hol: A HEINRI|Z G o5 A 17 109

Zo] line-of-sight g Aol g <telU= 1 3HAE 2709 spatial stream

72



S AE37] YA = WirelessHD 7! 2 9ES & § gsUth (210 o}
21 split-antenna "4} ¥} shared antenna W29 F 7HAE & 4= A} o

714 % shared antenna WS mEs 72 s}, AL 5 mmE 1H $)

13 10. LoS A€ol A array antenna =2

F21 otelye] lgeb Sl etV JgE FLEAl 7HA S A, 16x16, 8x8,

A

2x2°] 37HA A5 stk 74 ey Fxell disiA <bElu 1HA S vig-
S FH-E AAM3] Z7MA71EA 270 spatial stream A49] shared antenna %
9] spatial multiplexing beamformer?] £%& A3t Fh7l HE= S 493
. E2171e A17] Abele] A7 2 m A wf, 37FA FElV & Zzbel o sl
Ao %S 2= otHY H42 8 mm, 16.5 mm, 70.5 mm ©|%lt}. SNRe| ®

o] W2 16x16, 8x8, 2x29] 3714 <t PR £FS 18 119 A A EL.

73



Capacity maximized over antenna spacing (LoS, 2 streams, d=2m)
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spatial stream 7§ K=1& %3 @3} RF linke] 7H=7F & o, o] 44l A
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Number of TX or RX AFEs, Np = Np

19 21. RF link 74 W5 wE 83 v

SNR=0 dB.
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19 238 SNRE 0 dBE 1A3sta RFE linke] /A4S WA 71HA &35k

Hl w3 Bk}, Subcarrier /N5 S=6¢} spatial stream 75 K=2<& F3t

linke] 7H7F 2S o (

Aol AljtE WA gl dA

Average capacity [bits/symbol]
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3T / Conventional =—— ]|
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1% 23.RF link 714 W% wa g2 v 7 waedh Ay, K=2,

SNR=0 dB.

A4% AL WA A B7h ALY AE 2

o] 43}o| A= o A4 mdlg [EEER02.1lad 60 GHz MY L F! Iz

i

YES ZE F gFU[10]d4 Aee 23 243} 22 conference room STA-
STA RdS adat7|Z stab. Ade ®7belA AH8d SarEE2 x, =4.5m

X, =55m, y =105m, y,=9.5moln, <FelL} 742 r=3.54 mz A3}

S AASPT;. T3 subcarriers60 GHzE E&3te] 0.1 GHz (FA o2 1835+
=3

o

. 5. 59.5 GHz, 59.6 GHz, -+, 60.4 GHz® 1X]7F 747} s=0,1,++,9°]] 3}
zrolth. Beamforming matrixE 3}7] 3] 10719 F344 ke Ad PAL o) &

Bee o,
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Rx array

19 24. Conference room STA-STA model

1% 25 spatial stream®] 7 K=19d ® o2 7hA] A Ao $FE A
2 AlasA 2eofga ok ()2 #71E =z o] ARl AILFRE 1inke]
Mzt 53 Aol sid)e] &3S dEhd. (b= RF O linke] 757t

Niy = Npy =1 ] A beamforming vector?} 60 GHz F3oll A HA shel Al ~H

o

€3S ®HolEth, (o) RF link®] 7H7F Niy = Npy =1 °1A beamforming

vector7} 60.1 GHz F3prollx HAste A|xwle] 85

o

HojEn, (e

Niy =Npy =14 W 2 AFolA Ake B2 &%F5 yepdok. (b (o)==
Z+zy F3b7F 60 GHz9F 60.1 GHzoll A analog beamforming vector’} A 3}E 7

o

of slFsa, ()= WeF A Faa GGl &Fe] Fdgte A7 =
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Frequency [GHZ]

a9 25, 19 249 Aol A hybrid AR A

ideal A|Z=El

WA SEA 7] A A

= RF link®] 715E

Y 26
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o §%3} HaG Folth. Ny =Ny =204 Ae hybrid A594e] &l

51 T 1 T T
5.05
5
N
T
» 4.95
Q.
2,
=2 49
(&)
®
(o}
S 485
(0]
o
5 4.8
>
<
475
4.7 Ideal .
Proposed
4.65 ' ' ' '
1 2 3 4 5 6

Number of TX or RX AFEs, Ny = Np

1% 26. RF link 714 Mo w& &5 vl A& g, K=1.

19 272 spatial stream®] 7H7F k=2 wje] &S waLste] HojFal it
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AzEle] §38 HoFErh (o) RF 1linke] 57F Ny = Npy =2 ©19A
beamforming vector7} 60.1 GHz F3rolA HA3teE Al ~®lo] gak8 HojFEr),

(F Ny =Ne =22 o 2 7oA Ak wae] £22 Jehid. (o)t

i (a) ........... d O i
10 B === (o) ©
(c) =~

8 Eg‘ ]

& %

T ol £5 A% g
g 6r\.gi &\ ﬁl%
= Vi 9 n\l: : \ '(?
g thD; I ‘Fh I’qﬂ-
S ap s | ' 1o
Mooy M

| |
2 51 | f\’l
I
\| IM |\ ll
I)“ll \'l
0 1 1 1 1 1
59.6 59.8 60 60.2 60.4
Frequency [GHZz]
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a9 27. 19 249 Aol A hybrid AETZe Ae: K=2.

w3l 18 28% RF link9 7/N4E WHIA7|HA Aetd W2alel 838 ideal

Alz=e] wFak mlagk Aotk Niy = Npy =4 oA AISHE hybrid #1542 €]

6.55

6.5

6.45 T

Average capacity [bps/Hz]
»
N

6.35 7
6.3 7
6.25 Ideal T
Proposed
62 1 1 1 1 1
2 3 4 5 6 7 8

Number of TX or RX AFEs, N = Ny
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19 28. RF link 705 W%o w2 L2k v)n: AL 549, K=2.

i

A5d 2€ € FF Id7FA

Spatial multiplexing beamforming A4%21-& analog beamforming®} digital
baseband beamforming®® T% A%tk Analog beamformer®} digital
baseband beamformer& 4%F+= Z¢| RF linke]t}. ¥HeF RF link®] 7A7F &
gks] wrbd o] 72 digital baseband beamformer® O 2 A E o]l Al~H
I 2ot ey Al2Ee] BT AlF 2R RE linke] JiE Aljke] wE

RF link 7N7F Fo1 88 o, o] x7sto|Al A A[2~El9] beamforming vector

o,

=5

rr

7} o)A el Al&Elo A H A2 beamforming vectore] 7}s3F MRS
AA Aol B Aqto A A oFsFSIth. Matrix approximation ©]&of 7|Wksle] 3
He AR g

rekgh 71 Al
B2 Aljkd A2 7)E=e] WAl nls] EX 93 8% Hes BT A
| AdolM = @Y spatial streams AESHE 490l o]FAQ1 A28 &

7ol EHsE 35S A7) Yl E RF linke] i 2 oW FHada, 2719

)
ofj
M
QL
32
5

spatial streamS A%3}7] 91314 RF linke] 7|47} 40]
Holl A hybrid A4%2] analog beamforming matrixE AXFsE7] 918 10
7Nel F3 A A 9] channel matrixg ©]-&3tAth. weF, 10719 F3+ A A

ol ] channel matrixE°] independentd}tbd H L3 RF linke osE dd
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stream? W 10707} ZR3kar, 2709 stream ¥ wi= 20707F o3t sFA R
A Q3 RF linke A7 242 29} 48k o 7]+ 2 1078 35 XA 9 channel

matrix’} =5 independentdtA] &= Fth= ow]o|t}. o)X & A|etH beamformer

A7 WS channel matrix®] S F35 2] 9} Agle] ALY Fi
Aeld EAo] Aol 2 7o wpgbM vt RFE link 7F AAH TS 3t 284

ol
o
e

T4 HZA 9] analog beamforming matrixs 7317] s 2 7

o] EA XA A channel matrix® ZAslal Fo{HttaL 7}483}aL, ©] channel

_I]N'

matrixol] 3lEE left singular vector®} right singular vectorE ©|-&3}3 ). 314
v AA A|AEl = EA Fulgo| A channel matrixE® AT FE= Qi

Analog beamformer® ¢|F+= A= TFE antenna elementoll A W= W= pilotS

N

A4 4= gl7] wjFEo|t}t. thalel left singular vector$t right singular vectorZ
5ol oA dollle WS acksioF gt} 71E 9] beamformer®] 5 W
& stream©]™A] frequency flat3t AETS 1H3}FHA Y. Y% spatial stream=

Aok 3L, frequency selectivedt Adol|A shsalyo] #3k 71 A7 2

st wd,

% U FAM0R F8 A7 ARE ey vew gt

Py

o =y AYd Qg 79 Ag3t joint analog beamformer/digital base
beamformer 2] A 3s}ol] #3t 7]E] A= A glut o, 3 79 A

T AT glont of7]e A Abek W2 Ae] "otk
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- FHAe] 9 beam & FASH] AsM= A2 FHEe] 7HE dominant
g eigenvalue 5 HUISA[ACF SHAIRE, ]SS WA=
eigenvalue 59 B S HsA71aL dolA 2 Aso] Holxlnt

- E3h 7)1ES A S FY beam HE] Aol tisiA v aefstal 9l

o} U= beam 229 &AL mHIHE £ Qo I 9A vlzrbA
=

Fa4= Aez Dol A joint analog beamformer/digital baseband

beamformer & % A% WY =

LS HFA)7]E beamforming vector 3 Aoz 714 717t
-\ AR 7153 subspace Woll £A]38+E beamforming vector 7}
Aegvk= SHAA FHA4 4

— Matrix approximation ©] 2= 7]£9] o2 AFRE o] &,
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|
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2% RF link & Mee ALY Fag Ao Fio uet gt
. AR, F3 sampling interval o] whel A vFAA] S5
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Al 3 & SDR 7|4 vj/A&E g9 7|1& MY 8F

A1E a2 A

2 v/ AEE U9 MAC Z2EF 7] Az PAl= USRP N200 gH]E o] 83}

o] SDR (Software Defined Radio)®] 3+ 5/ <l GNU Radio® A& E AAsle] A%

o
N
N
fu
(e
w2
=
ja)
=
Do
S
(e
o
=
>
_
mY
I
I

2the} USRP N200 H] 2thr F Qs
Daughter H.E=7F H@sirh. 2t $2E F3FE= dvbe] USRP N200 FH| & 723k
. aglal ZAE HFEOl GNU Radio A2ZESOE AX F AN3E A5}

USRP N200 W= de&atrh. USRP N200 ¥+ FA BAS B3] & T2E 7
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FE] Zo| By USRP AH|E AT 2 Adetn o2l Wireshark 317 A =

Time. Source. Destosbion  Protocel ko

14 40.249847 61.8.0,17 10.0.52.164 HIT?  Continuat
45 40.250079.10.0.52,164  6L.B.0. a
16 _40.289908 61.8.0.17 m.n.s:‘lﬂmnowms

Ll ‘. gt i J 1 !- s uil
: ?SEU;MK‘DQ!%VS%S% ‘ dard .“
‘ “[TE:I::% ’b:},, e][hls Frame wag, E;w Ir:: —
Wireshark
e
USRP N200 USRP N200

A= T

& FACIA = TP/IP ZRESS o]8ste] dEe] & Hl=A Felehs
H=o] 802.11 MAC ZREZS HAlety] 918 7d Wi taid e 3

.

k)

SDR Z 3591 USRP N200 ujof] thsh o] "deAy) 1 T4 a2
71¥ 2] NS-29} Castalia®} #2 AlE# oA E3= =& USRP N200 ZH]&=

4 BAL Eel dolHE AdAE QoA Aol . AEA FL

2A7F A8k PHY (Physical Layer) &4l w2 A#o] 7hsabrk. BPSK, QPSK,
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Al 2 A USRP N200

I

Aol A SDR ZHES! USRP N2009] A4 7294 54, F718 F-Zo] 7}
g Daughter BE=o] Fio} A9 thSE, USRP N200 gule] FA =eholn] A4
el wiall A el dRdnt. muk AAE WiEs dar dvd, ol Fs #A

2| (ettus research) ¥ o]XE #%3s}7] vlght). (http://www.ettus.com)

A 13 USRP N200 ¢ AA 7= % £

(19 2)% USRP N2002] Al E5 tholoj13S el

MIMO
Expansian

GPID, 5P

a0RpELY pLie0 iyl

TCXO | i
1 ADC/DAC Clk |

SMATPPS T

I
:

(713 2) USRP N200 &5 tjo]o] 1%
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USRP+= Universal Software Radio Peripheral®] <FAl= 33 WA oz HE

ZEJ g FAX e uE 7tk USRPE HFHE 32

[

2 ok A

[

ol Hretal s= AoE 7EAAL k. USRP AlZ=ARRD o] F& XA oll A=
USRP N A4 USRP E AIDe] F 7FAl Wale] AlFe] vk, N Alde] Agele
GNU RadioE ©]&3dlo] S2E PColA 2@t 7ls& AZEHOIAoR Al
1 AEE oy ® YEY wol iR AZE AXA T AL s Aol

W, E AL Fgol= Aol ZdA mzezt WA= o] BHe 7sS &

v amegels ZdA vme FAste] $aAA 4 gl ulolth. webA N
AG Aol PP A7 F45te] AT 5 7] WE AT BHom A

ofo
ot
o
N
=)
AL
of
28
I

USRP N2009] B tloloj1#8& R 32bit RISC Processor 7} ¢t}. oA
FPGA®] VHDLZ T3 % Open Core CPUZE USRP AH] U= Solox A3 Azt

o] AYE FPsle IS dod. FPGAY] 72+ RES ADC (Analog Digital

Converter), DAC (Digital Analog Converter) %9 2tz 3/ oo Fa-=S
1A g2ER wges dAgolv 1 v S Aeshe 9Es g
(1% 2)9] 2% & Daughter HE=+= N200 Fulo] AMESE 4= gl o= &
(Add-on) #2419 33t Hew HAAR F4H Fias &4 2 FAss 755 st
© BEolth, 1 oo HHHaet AlAF S5 AUHelEE B SMA PPS 4ES
AgatAd MA A b= 25 58 Agste] A9 F5& A= 7leS I
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H FrtH o2 GPS AEE AYsts RER AU,

USRP N200°] 7MA|&= ER o=

rlr
i)
dlo
i)
i
rlo
poy
o,
%0,
i)

Use with GNU Radio, LabVIEW and Simulink
Modular Architecture : DC 6GHz

Dual 100 MS/s, 14-bit ADC

Dual 400 MS/s, 16-bit DAC

DDC/DUC with 25mHz Resolution

Up to 50 MS/s Gigabit Ethernet Streaming
Fully-Coherent MIMO Capability

Gigabit Ethernet Interface to Host

2Gbps Expansion Interface

Spartan 3A-DSP 1800 FPGA (N200)
Spartan 3A-DSP 3400 FPGA (N210)

1 MB High-Speed SRAM

Auxiliary Analog and Digital I/O

2.5 ppm TCXO Frequency Reference

0.01 ppm w/ GPSDO Option

o
fo
)
rlo
[
o,
&
nj
e
2
-z
N
oL
X
ro
A
o,
flo

[ 1] Yehglo
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[¥ 1] USRP N200¢] -7}

o
R

=4

DC Input 6

Current Consumption 1.3 A

w/ WBX Daughterboard 2.3 A
ADC Sample Rate 100 MS/s
ADC Resolution 14 Bits
ADC Wideband SFDR 88 dBc
DAC Sample Rate 400 MS/s
DAC Resolution 16 Bits
DAC Wideband SFDR 80 dBc
Host Sample Rate (8b/16b) 50/25 Ms/s
Frequency Accuracy 2.5 ppm
w/ GPSDO Reference 0.01 ppm

SSB/L0O Suppression

35/50

Phase Noise (1.8GHz)
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10 kHz -80 dBc/Hz
100 kHz -100 dBc/Hz
1 MHz -137 dBc/Hz
Power Output 15 dBm
1P3 0 dBm
Receive Noise Figure 5) dB
Physical
Operating Temperature 0 to C

55
Dimensions (I * W * H) 22%16 Cm

*5
Weight 1.2 Kg

A 2 & USRP N200 ¢] Daughter B.&=

USRP N200 FH|vkS o] &3] HAl 2% HF 9 F2lo] E7hssio
HlH =0 = FPGA ¢ o8] Fo] g AA dHolel Azlet dEo] A 7lss
FEsla Holg & FAl 72 B71FAQ Daughter HEES EdjA =33k},
(29 3)oA AolEo dZd" e HEYl AAXow A ASGE F4 2

FAlEE 715 S 3= Daughter H.=olt),
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(¥ 3) Daughter H=

BasicRX

BasicTX
LFRX

LFTX
DBSRX2

TVRX2 |
RFX900

RFX1200 ]
RFX1800

RFX2400
WBX

XCVR2450

\

—
\

DC 1 GHz

(¥ 4) Daughter =9 &7

2 GHz
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[ 2] o Zelslol el whe Tk AL oY

Application Frequency Range Tx/Rx Recommende
Area d Daughterboard
TV 54 ~806 MHz Rx Only TVRX2,

Broadcast WBX
Reception
GPS Record L1 : 1575.42 Rx Only WBX
and Playback MHz
L2 : 1227.60
MHz
And others
OpenBTS GSM900 Tx and WBX, SBX
GSM Basestation | 890~960 MHz Rx
GSM1800
1850~1989 MHz
WIMAX 2.5 GHz Rx Only SBX
Broadcast 88~108 MHz Rx Only TVRXZ,
FM Reception WBX
802.11B/G/N 2.4 GHz, 5GHz Tx and XCVR2450
Development Rx
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HF 3~30 MHz Tx and LFRX +

Communications Rx LFTX
Amateur ~144MHz, Tx and WBX
Radio, 2M, 70 ~430 MHz Rx

cm, 33 cm, 23

cm

Public ~136-174 MHz Tx and WBX
Safety/P25 VHF Rx

Transceiver

Radar 2~4GHz Tx and SBX

Research Rx

tt27] uwFo| ALgE TR EFHo|u EFHo| weli AEE Daughter HEES

Tx &8 BErE 7] wizel o] H= Foafjof ot

o

[ 2] 244749 §8 Fofo wE a4 Y} /44 o5 a8a 34
Daughter H.=o] tjgt H&& yepgar vk 2 A= 802.11 LRZEEFS

Aol sl ®, XCVR2450 HES Fujdto] AL-&&13dTh
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Al 3 & USRP N200 A& % 87 75 2L AT E9o X

UHD Driver

192168201128 € Virtual Network Virtual Network 192168102
Interface 1 Interface 2

Windows 7 32bit

Network Interface

Ethernet Card 1 Ethernet Card 2

[ External 155.230.14.91 169.254.64.244 p >
Network ¥y -_'@J
192168104 =,
USRP N200

(Internet)

2E Z3FHo| USRP N200

u
el
S
rlr
riet
o
-
L
tlo
v
ul
=
u
o
o
o
ot

HAE QAstel AgS] ARAE RAAAL oldd A=sk Baseh o714

[e] =

ol k== VIVHIER AES @ 5 = AlsFol st I olf+= USRP
gajell AHgHE WTt=ETE BE SRS S8o] HA ¥E TR 7] wEel
Z|EA o w Haad @40l A= VI7HIES d7tEE ARS ST

USRP N200 H]& AF&3l7] 9ldlA &= GNURadio®t UHD Drivere] Ax]7}f
dostrt. & ATl AHEE S2E HAFH HQl £FAAE Windows 7 64

bit7} Ax=e] glom, 7HF Al (Virtual Machine)& ©]83te] Ubuntu 12.04

WAL Ax 389tk #o] Ubuntu?tb ¢}y e FedoraS A X slo] % 7535},
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71EAQ Ax &ES GNU Radio, UHD drivero]l®, F7}= USRP #H] <}
Ethernet& d437] $13 W 5ol dis] 71 heksk whio s gy,

$ wget http://www.sbrac.org/files/build-gnuradio

$ chmod a+ x build-gnuradio

$ ./build-gnuradio

o] ~3YE= Marcus Leech’} Al FslE 2T HER, git repository2] main
branchol4 GNU Radio®] 7Fg HAIWMA (release W Aol oldS Fo)&
ez Wl HX3lu F7l2 UHDE AXdisd. 2E #Ho] AFo=

o] Fo 7},

(

Az & Ax ~aHEZ} A7]= Y £ .bashrcol SAWFE AAs) =t}

$ export PYTHONPATH=$PYTHONPATH:/usr/local/lib/python2.6/dist-
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packages

$ source .bashrc

& 4L 0So} GNU Radio ®del wel &ekd 4=

ARl B A A = v 2k

$ cd ~/gnuradio/build
$ sudo make uninstall
$ cd ~/uhd/host/build

$ sudo make uninstall

Gtk-Warning©¢] dojd # o33 o] st}

$ sudo apt-get install gtk2—-engines—pixbuf

USRP Ethernet 91428 Y3lAE 32E AFEH YEYT B4 ey

ol w7

E

=t

ol
M

# Manual

# IP address: 192.168.10.1

# Subnet mask: 255.255.255.0
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o]
PR

o 27 24e et ol & & gk

$ sudo sysctl —=w net.core.rmem_max=50000000

$ sudo sysctl —w net.core.wmem_max=1048576

AN/FPGA olu]x] 7)== b3} o] 3,

# <uhd-install-path>=/usr/local/share/uhd

# <uhd-images-path>=<uhd-install-path>/images
$ cd <uhd-install-path>

$ cd utils

$ ./usrp_n2xx_net-burner_gui.py

=

e ogx L e A 2 fUYE Ag

ol

Aol M et =z 3

8 AA WEs 2] Jae

http://gnuradio.org/redmine/projects/gnuradio/wiki/InstallingGR
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Al 3 A GNU Radio

Al 1 & GNU Radio 78

=

=]
=]

[>

e

GNU Radiow aXESJojo] 7nkgh F4 54l Al2~8ls dtstal, vbsan
Al#sE7] 913k ARl th 1998\ ] ARg-o] AlAHE Q1AL e GNU| Aqf
ZRAERZ &0 fduolEZE o]FolAar 3tk GNU Radiow= GPL d}o]

rss A Ay H7AR, 2o Sxe o Ao FARARE A

¢
o

rE

2

rO

o

o [l
[

GNU Radio®] 7M¢ 2 A2 the BE 2IZE0] 7wk 7 Alxge

Adol Zhsstts Aelrh ol 7Rl R RE st=dolE sk Aol

Radio)?] 7dS 38 4 d= RF=4golES /fdstax 3o, &
oJF~(Ettus)llAl 2 sl gHe EES  AFsE RF =4O
USRP(Universal Software Radio Periphera)E& 7| 2 Ar&3}slo] Fstal

o]
PR
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Al 2 ¥ GNU Radio®] 4]

A2 0S 274

riot

OS : Ubuntu 12.04 LTS(12.10 A4 GRC &2 X)

OS type : 64bit

)
=)
g
o
o
oo
ol
]
(]
o
o
e
v
e

HiAe s 7EHor ZReEIS JUs=d
ol @A WiEHE GNU RadioWwte Xk FHE317] wlite] s7]x5 o] &3

Az HS A9slAth GNU RadioEs ot 2=3817] 98iA
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GNU Radio)) ——

Overview Activity Roadmap Issues Gantt Calendar News Documents Wiki Files Repository

‘Welcome to GNU Radio! History
. & Latest news
Introduction
‘GNU Radio release 3.6.2 available for download

GNU Radio is a free & open-source software development toolkit that provides signal processing blocks to implement software
radios. It can be used with readily-avalable low-Cost exteral RF hardware to Create software-defined radios, or without Welcome to GNU Radio! AR T S e D
hardware in a simulation-lie environment. It is widely used in hobbyist, academic and commercial environments to SUPPOTt both  ntroduction
wireless communications research and real-world radio systems fe— O e

T eting started ‘Added by Johnathan Corgan 6 months ago
GNU Radio applications are primariy written using the Python programming language., while the supplied performance-critical e
signal processing path is implemented in C++ Using processor floating-point extensions, where available. Thus, the developer is 1. Documentation
able to implement real-time, high-throughput radio systems in a simpi . rapic-appl pment environment. 1. Community & Communicating More news, and the offcal GNU Radio bog can be

IV. Using GNU Radio el
While not primariy a simulation tool, GNU Radio does support development of signal processing algorithms using pre-recorded e found here.
or generated data, avoiding the need for actual RF hardware. el fo

Vi Hardware Quick finder
GNU Radio is licensed under the GNU General Public License (GPL) version 3. Al of the code s copyright of the Free Vil Furthr information and 3rd party extensions
Software Foundation. Other Languages « Installation Guide

« FAQ
Content « Tutorials
« Contributor Guide
L Getting started o
Wiki
If youve never touiched GNU Radio before, these pages will get you started with a running installation of GNU Radio and will Show you how to take your first steps with this
software radio tool. Start page
Index by title
« What is GNU Radio and why do | want it? - Read this if you really have no idea what this project is about. Index by date

« Installing GNU Radio - This will explain all the steps to get a working installation of GNU Radio.
o Download - Jump straight to the source.
« Build Guide - For experts: how to build GNU Radio manually from source code.

« Frequently Asked Questions - Read this. Seriously, really read this before asking questions.

1L Documentation

GNU Radio has two manuals: one for the C-++ API and another for the Python AP The majority of the documentation comes from using < Doxygen markup comments in the
public header files. These are the basis for both manuals. The Python documentation uses (3 Sphinx to pull in both the Doxygen documentation as well as any formatted
comments present in any Python files.

(Z1¥ 6) GNU Radio?] &3 o]#

Ettus o9 Qo Biog ws | Evens  Careers E
0g0 ?wwResearg-!-‘a: roduct: Applications Support Resources About ‘Contact
intramants Company
High-speed, high-resolution Sofware defined radio hardware
offering plug-and-play MIMO capabity. USRP N210

L

(¥ 7) EttusAte] &3 o)A

= 2 Z9 o)X (http://www.gnuradio.org/)E FEE L X7 USRPS}
St AFRSH7] 998te] USRP® UHD driver®t &7 thE==2 A&3st= Ettus
3|AFe] = H o] A (http://www.ettus.com/)Z &3] 2= & ZAS HAA3T

GNU Radio®] 2A#] th+=2= A=+ ofge ).
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GNU Radio TF&=2E Z = : http://files.ettus.com/binaries/gnuradio/gnu

radio-stable_2012-11-03/

9 DBSAT gl 9 AR GEeA AW oY A LA we

==
Ak A8 39 PHadd X-Window B4L ATHUY, EREF FUL
Hi 2d 3 pad sy duven AFew AAHNE AL B 4+ AL

A 3 & UHDS AX

GNU Radio® 43874 E¥ Core Library$t 37 Simulinke} #o] GUI
Je 2 TR afgo] 7F53 GRC(GNU Radio Companion) 7B Eo] a7
A9}k, 18 GNU Radio?] AX|vte 2 USRPE $23A1Z 4= gt} USRPE
ALE-317] 918l = UHD(USRP Hardware Driver)& F7F2 AXA|&ofqt sk}
UHD+= USRP o] A= = =gowel Fals 93t ZzeEza
deole & WstAY Wz dMsh= 71sS M ok @A wiEEI e

GNU Radio®= UHDE ¢%3sle] USRPE ALET = Y= 7|58 Algstn=
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UHDE A3 o] Foll= o] 371 24 §lo]

HEZ SDRE 78T 4= 9lvh

UHD¥ USRPY A|%3]AFS] EttusollAl Awstil gom, thezte AzRE

ohelsh .

Data processing

USRP setup

Signal processing

Ethernet
. PHY J

FPGA

, S— USRP

Daughter

(1% 8) USRPS GNU Radio®] HA| o}7]&)]

UHD (RRCR-AEL

http://files.ettus.com/binaries/uhd_stable/uhd_003.005.000-release/

UHD %3 GNU Radio®} o] ozl 7kx] dAAlel digt dx IJd&

Agstal 9lew, FPGAS] 45 #lste] &2 sl @7 Agstal gl

Al 3 & GNU Radio$} USRPE ©|4% SDR +&
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GNU Radio®} USRPel thale] AlF-#el A

o

514

—_—

of okx o] F 7HAE
THsted AMESE SDRe| 3o digk dukA <l o]s)7t Pt

GNU Radio®] Core Library= F4 &2l2] AT FZolA PHY gk A,
AEE Aste] wEoIRl AZE QI 18y o]& SDReA A&-317] 915}k
719 GNU RadioE ©|&3te] USRPE <dsatial s Wehs RAHA HQth
ol#}gk o] AyZ USRPS GNU Radio?] A olz|elx7} (¥ 8)3} &

G2 TEA =AU

USRP 3 <tell= Azzadwy 7Fedk FPGAZE A8kl H%len, USRP
Al A+ 3] Akl = Module, 32-bit RISC Processor, UHD Network driver, FIFO 5
T&@8ke] FPGA®l Zzaefw) sho] AREE = Al skt

FPGA WFel F&=o] = ModuleE2 (17 9)ollAet o] 747} oy
M 71 7HE stde] s AR delER o] FolA Slvh ol USRP7F

9 BA SRS A

hi 1o

(o,
ol

e Aol ohde ol Ao A B4 A
Aaor 3] WEel Brle Asgeld A4F ASHE 715ES Module®

FH T BT RRVS ASF 5 UES A7) Al

128



.) File Edit View FProject Source Process Tools Window Layout Heip

» B2 Run Failed: Map

« 9 UserConstraints

& Check Syntax

2]
+ 3@ implement Design
8 Generato i

s, | Processes: uzplus
: L Design Summaryeports
%Cs 9 Design utilities

Generate Post-Synthe.

| = . synthesize - XST
L]
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Instances. -

€ Analyze Design Using Ch...

L
= Sant |3 pesign |1 Hies |E b E

= T

O3EP Lk X v =p2rArPpBLrE S
Design STIR |y
4 views [ simulat —
. 5 28]
& Hierarchy i
= fifo19_to_il8 (ffo19_to il |
&l fifo36_demux (fifo36_der

& ﬁfb)a\:er(ﬁfa,ni:erv)’} & [CXS ) . — soim
&) = Qrommiewmyl| - ] T#
& —

=]
a g
B a =T
o (nsgpio.v)

1] (4] nsgpiol6LE lnigpleLE.J @ anarm

# [4] packet_dispatcher36_x3 1 =

% [1] packet_generator32 (pacl | ¢ L—1 s

& (4] packet_padder36 {packet = - p——

rosbar? I
'-"—.'EJ

Design Summary (Mapped)

Design Objects of Top Level Block

Pins v (=] signals
& @ TRD(31) - = & ol
4 dy uzpc | ~ sfc_clear
vl & = afe_rd_darar3snl

(138 9) FPGA Module

USRP2] FPGAW]

AgeAY mEshs

Peripheral Interface)EA1S 938k *2], Serial to Parallel, Parallel

#e AP Sl

AR 3 e

32-bit RISC Processort

AR ZR AN BAS

SollA AREE T

glon o

T = o
#e,

x

Ne&

2

uzplus (RTLL)

dlel8 =

485}l A ¥ o], UHD Network

o)
P

-
o

e
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=
= Instance Name

Module 2]

Wk ole e ojel 7A

Open Core®Z T-dF o]

x|

Properties of Instance: com_inp_fifo

7

Hej2 Wdsl=

FIFOell

Aeg o=

e,

~ Value
fifa_short_1
com,_inp_fifo

deolg &

2], SPI(Serial

to Serial ¥
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FIFO= 2E ZAFHEFE dFEo] USRP oA F4d Filez F414
dolejup 4 SAemiy Filso] USRP oA 2B AFH=Z ded
dlolBl =9 Wy ko ARgHh

UHD Network drivers= %4 Awdh npep o] T2E H3Fgo] HA ¥ o]

HEolE EAsle] AP dl= FEOE TAE AFHEZYH ALEHE dHolHY
s st Aggt delHe 32 W#Ho](Command)¢t dHolH
Zyd(Data frame)o2 FEH=H, HPol= FPGA WFe EsEe AZ4=
A735k7] 13 dvlolHE EFsta 9ol GNU RadioollAl A7A3 PHYS /et
stebul el gl whet USRPE AASHA €t dlole ZHde AAZ 74 F4ls
Fato] AdEEolof & doly &, B Aol Bad Ty ds ondit) wEhA

dolg ZHds WA HW A" F2E Sote] As A& A

Al 5 3 GNU Radio Core Library

GNU Radio®] Core Library:= 74 &4 Al&de] Fd& flste] Al s
APIE ¢ HgA otk GNU Radio Core Librarye A C++ =2 ZAdE APIS}
Python®. & ZHAE AP F R ow FREo] &5 1 9th GNU radio Core
Library= 7|42 2 Pythong 7|WFo = &to] FdH o] o 74 F2l

Az PRt ol 544 A wedlor s Svel 9yl el
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PHFEL C++2 FdHo Utk C++& FAFLeld ddojgtes 5AS 7
glol #Astd® welug e dAsiE L=/ wg WEAYE, Pythone
eI dojats EALS X1 Qo] M AdS WashHA $8u )
w ol AestE &Erb Hlad g thE vl 9t

GNU Radio Library

C++ Library

SWIG

Python Library

(¥ 10) GNU Radio Library® T+%*

ey TREF F2 o] Aes nHdol e Fa3 B Cr+ =

g s olof s, TE A t L=+ Python o= 2 oof it}

18]a2 C++ API®} Python API Aleloli= SWIG(Simplified Wrapper and
Interface Generator)gtil 3t &5 Al gt SWIGE S~ HEAo e} 22 t&
doje C/C++= FEE ZEIF Alo]e] IFIHolAE dF= Bt Z
Aojell i Agske= e ol Ato]o] QEFH|AE FHe= U2 7 dojwitt
th2th ujH o] A& oldfstal AEShE A2 w9 AT dolth weEbA SWIGE
ol A& Al T o2 MAAIE & A BE Aot e HelAs 8T

F RS msEe 488 vk

131



Al 6 3 GNU Radio Block

GNU Radio®llAl+= Blockelgtal &2 7ide] Al#¥ il Aot Blocks GNU
RadiodlA 54 7S ste &g v AosiA AFste gholrego|t}
o, A FAl Al 2EE JiEskE #gelA AND, OR, NOT# #& =% 3=
aAbel 23 BF AR FEdnd vyl dAUA Be Azte] x8Fe
WAZgol A "ok webd GNU RadiodldE A5 AHgE 4 dx 3hd
Nl AEE E2738 715 & BlockES vg Fdste] AlEEA @
“12]a1 OFDM#} 22 5343 725 7hX Blocks w4ste]l Bw ofefe] (11
1D3 o] 7193 7152 8k Blocks Fxéte]l FAstE dHE o] FolA
Atk HE & Utk ol 2H AREAE AM, FM¥ ZE o w xR ely

3}

OFDM¥} 22 Al2®]lS g&sl=d 9o 39| BlockTto 2% F&o] 7}53}r).
ol# 9] [ 3]2 GNU RadiodlA] A&3st= BlockE<S YEeRA Folt) o]el st

e 744 BlockEg o83 59 2#S olgste] §7 FH BA ALHL

TEE Ao
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Block A

(¥ 11) GNU Radio Block /f¥d =

[ 3] GNU Radio block®] 7|53 &/

Sources Signal, Noise, Vector, File, TCP, Wav,
Audio, -

Sinks Vector, Null, File, TCP, Wav, Audio, -

Operators Add, Sub, Mul, Div, Logl10, And, RMS, FET,

Type Complex to ARG, Float to Int, -

Conversions

Stream Stream to Vector, Stream Mux, -
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Conversions
Misc
Conversions

Synchronizers

Level Controls
Filters
Modulators
Error Correction

Line Coding

Probes
Variables
Misc
Digital
Digital

Modulators
OFDM
Extras
FFT

UHD

Unpacked to Packed, Map, Pack K Bits, -

MPSK sync, PLL Freq Det, Simple Framer,

Detect Peak, AGC, Mute, Threshold, -
Low Pass Filter, FFT Filter, Goertzel, -
VCO, Phase Mod, CPFSK, -

Trellis, Encode & Decode CCSDS27, -

Scrambler, Descrambler, Additive

Scrambler

Probe Density, Probe Signal, ---
Variable, Function Probe, Parameter, -
Note, Import, Delay, Head, ---

Additive Scrambler, CMA Equalizer, -

DPSK Mod & Demod, QAM Mod & Demod,

OFDM Mod & Demod, Insert Preamble, ---
Signal, Noise Source, Delay, TUN/TAP
FFT, Goertzel

USRP Source, Sink, Async Msg Source
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Vocoders CVSD Decoder, GSM, -+

NOAA HRPT Decoder, Deframer, PLL

WX GUI Widgets Check Box, Slider, FFT Sink

Pager FLEX Deinterleave, 4-Level Slicer/DCR, -
QT GUI Widgets Check Box, Shooser, Entry, -

olgfe] [E 4]¥ GNU RadioolA A&3= Block & OFDM blockel A
RS g vt EE YEbd Folvh Input(Output) BFY ol F7oF Al sk

Mg FRE Weol weh destel A4 4 9lom, FFT Length,

ofl

Occupied Tones, Cyclic Prefix Length, Payload Length, SNR& <3|
SHHES dASY AHEE F du FAY SErHEL =gdow 3

Aed e A BE g A8e & o,

[¥ 4] OFDM blocke] Zhebrefe} 44 gk
Input(Output) Type Complex, (Float), Int, Short, Byte
Modulation (BPSK), QPSK, 8PSK, QAMS,

QAM16, QAM64, QAM256

FFT Length (512)
Occupied Tones (200)
Cyclic Prefix Length (128)
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Payload Length (Mod (0)
only)

SNR (Demod only) (10)

Al 7 3 GNU Radio Companion

GRC(GNU Radio Companion):= Az} 32 FdoA AFEEHE= Simulinke}

i

H] 23 7] e E24 GUIRHECA Zzags & F ds A =olth

hud

olf

o
=

S
O

GNU Radio Core LibraryE o|&3le] 24 3Ido=w S v H435 2

APl i@ ALgWE BE oo st ofelge] Atk E@ =PL shwA

Y
o,
[

AREARS] AEm Qlete]l eRrF BASHA H= AT A AR

o
ol

@ol a4 o el It GRCE Abgete] F&skA Hd, ARSAE EolA

Abgatazt &= Blocks EWow =#aste]l A7 Atz sk

Blocks HE =98 7} BlockelA dAsloF & delvHes 49 & 5 A=

Zol el Hol &4 74 34 Al2EEs 7 2 F4Es & vk w19
YE2 A0 AAHo] Q= GUI g4 S o] 838le] Base FrequencyY gain &
T8 SA WA £ dE WX/QT GUI & &8st ~dFEfS npz Sls)s
T A FHE A
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Options Variable Parameter Parameter WX GUI Slider

p_block ID: samp_rate | | ID: address 1D: freq 1D: noise voltage
Options: WXGUI | | Value: 32 Label: IP Address Label: Default frequncy Label: Noise Voltage
Value: 300r=192.168.10.3 456 Default Value: 10m
Type: String LY Minimum: 0
Short ID: o Short ID: { Maximum: 10

Converter: Float

Channel Model

Signal Source
Sample Rate: 32k
Waveform: Sine
Frequency: 2.45
Ampiitude: 1
Offset: 0

Occupied Tones: 200
Cyclic Prefix Length: 128
Pad for USRP: Yes

Payload Length: 512

WX GUI FFT Sink Top Block
Title: FFT Plot
Sample Rate: 32k
Baseband Freq: 2.45G INoise Voltage: | 10m
¥ per Div: 1008
¥Divs: 10 I
Ref Level (dB): 50 i
Rat S (320 2 FFT Plot ~Gptions
i . & Average
FFT Size: 256 s
30 4 ] Persistence
Average Alpha: 100m -
rea o Varnama: e SP:;?/:“
e v
1 1dB/div
@
= 3 i 5 2ds/div
I | 5 dB/div
B ] [E— @® 10dB/div
7 20 de/div
Adj Ref Lvl

+2.4e+00 +2.4e+00 +2.4e+00 +2.4e+00 +2.5e+00 +2.5e+00 +2.5e+00
GHz #([ =

(Z1¥ 12) GNU Radio Companion
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4. GNU Radio$} USRPE ©¢|£-3% IEEE 802.119 +& #34

A1y T AY <4

GNU Radio$} USRPE o] &3}o] [EEE 802.11& F3&rol] oja] $x- o=

2 g ;e @A THS Ass Aol Bash YFHQ

>

Sl MAC ZREFS A SHARE 203 PHY §2fA wFsof sh=
& Clock¥ #& Fais adstel 2 87AEE WHA717] 913 Aol
dasteh & dAe|A AHEERaL 9lE SDR FA9lA= USRPY FPGACIA PHY
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i

y——————
——————

- - - SWIG Interface ----

\

e ——————————
R —

—-— e e Python Source ---=*

(¥ 13) IEEE 802.11 +&8<& ¢33 2=

g PHYS] 490l = 7129 A4o] Python TEo] QX¥ 40| BAT
Woleh meg oM ge SR WS WARE Hol vk welA
TRl ol FAHE @FEe me Agse] AT wel vz

|
Adste] Algstes FddoF g,
Al 2 & GRCE o]£3% PHY +d
Aol ghuww SAHoR PHYO w3 T soF vk PHYE oolA
AFedlZ2 GRCE o] &3t FdE = vt F+do A GNU RadioollA A

Algsh= o] 74 Blocksel F5et 7Ieel Wig stus WA i, AL

$3g 44 7AT Do glo] 7129 BlockEel Z@wer TAL vk
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enerating: “fhome/jwparkes21/tap_block py"
[ Cenerating:"/home/jwparkas? /o, v

(18 14) GRCE o] &3t PHY 22189y

® 712 9] Blockel] i3 AHE daH AEE YA EE Blocke Sourceol A

o=
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87
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e
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il

block® 2 Constant, Sine, Cosine, Square, Triangle, Saw Tooth®} Z& A%

o

AFE 4 o a8l USRPAHIZRE 238 Hule A3 ve Zdd o
blocks A 3tAd, UHDel $li= UHD: USRP Sink$} UHD: USRP Source 5°]
At Block 49| 714 mpx|Ete] UHD: USRP SinkE FA =W USRP dollA]
AzAEE £33 F Daughter board® 237F Adxo] A HI=E $581H7
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A 37 C++& o] 8¥ MAC Z2EZ 71

MAC &2h2 ot s C++2 o]&ste] & @foF gt GNU Radio Core
Libraryoll&= C++& o8& FdS w+ APIE AgstEzE a3 APIE
ARgete]l A = vk Ao VS s dE T dde 2 7S

223 APl SYEERE FES ol Ao g

GNU Radio C++ API ¥A4] : http://gnuradio.org/doc/doxygen/index.html
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bbn_scrambler_bb_sptr
bbn_make_scrambler_bb ( transmit) {
if(transmit) {
urn bbn_scrambler_bb_sptr (new bbn_scrambler_bb(
e {
n bbn scrambler bb sptr (new bbn scrambler bb(

bbn_scrambler_bb: :bbn_scrambler_bb ( std::string &name,
1 gr_sync_block (name,

gr make io signature (1, 1)

gr_make_io signature (!, 1)

transmit)

) 1

i;
d table = new scramble data t[ * 1:

if(d table != ) {
for(i='; i<(120 * 1) ++i) {
d_table[i].data i&
d table[i].seed = i >>
if(transmit) {
scramble_bits(&d_table[i].data, &d_table[i].seed, 7);

} else {

descramble bits(&d table[i].data, &d table[i].seed, °);

(13 15) C++ & o] 83 MAC =219y

Al 4 3 SWIGE ©]&3F Python © C++ QlEH ol 42

C++=2 Fdg 5 Python ZEJH &5 F U&=F 37 Ssire

GR_SWIG_BLOCK_MAGIC(bbn, scrambler_bb)

bbn_scrambler_bb_sptr bbn_make_scrambler_bb (bool transmit);

class bbn_scrambler_bb : public gr_sync_block {
private:

bbn_scrambler_bb (const std::string &name, bool transmit);

+

(21 16) SWIGE o] &3 AEFo]x 4
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Al 5 % Fuy A4 HA

GRCE ©]-8-3}]

A AR g HE Aok gtk GNU Radiooll A= Pythonol A

T i APIE Algste=z olF o|gstd HA +dE -

o}, shebnlg

A5k wlo] A%+ APIs= OptionParser()©]t}.

parser = OptionParser (option_class=eng_option,

usage=
parser.add_option(

parser.add_option(
parser.add_option(
parser.add option(
parser.add _option(
parser.add_option(

parser.add option(
parser.add_option(

parser.add_option(
parser.add option(

parser.add option(
parser.add option(
parser.add_option( , default=
parser.add_option( , action=

parser.add_option( , default=

parser.add_option(

, action=

, default=

, metavar=
, de

, default=
, default=

, default=
)

)

, default=l

default=l ) =
, default=

, default=

= , default=

, default=0 -, =
, default=tun_device default,

, default=

, default=

A 6 & MAC 2523} PHYY flow_graph 43
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Python FZEAE AFEE MAC ZZEZy I MAC TZEE3 dAxE=

PHYE AAs)|oF st}

mac = cs_mac(tun_fd, mac_addr, pkttype, bssid, mcache, verbose= )

fg = my graph(blks.gmsk2 mod, blks.gmsk2 demod,

options.tx_subdev_spec, options.rx_subdev_spec,
mac.phy rx callback,
options, mod_kwargs)

mac.set flow graph(fg)

(¥ 18) flow_graph 2 A

Al 7 & startQOF4E &3} USRPY| PHY 43

startO3r+ gr_block API UlF-o] A= = 42 flow_graphol wz}

USRP W9 moduleztd] A=ZE AA}= 7S 7HA v o] 7}

sEHol w2l MAC &4 7hedl 74 $542 918 PHY AgES 2AeA Aok

fg.start()

mac.main loop()

fg.stop()
fg.wait()

(¥ 19 7 Z=99 Ay

A 8 ¥ MACH main_loopQ€ 3&3lq MAC Z2EF 7%

MAC Z2EFS FaFd o] ¥y 28 main_loop() &5 il
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TF&aoF g}, GNU Radiodl F& o] 9= Simple MACoO|A = ofgl] 183}

o] main_loopO¥57F F& o] 2

min delay =

while

payload = os.read(self.tun_fd, ' *
if not payload:
self.tb.txpath.send pkt(eof=
break

f self.verbose:

S (payload),)
= min_delay
> self.tb.carrier_sensed():
sys.stderr.write( ')
time.sleep(delay)
if delay < -
delay = delay *

self.tb.txpath.send_pkt(payload)

(28 20) Simple MAC9] main_loop()
A 9 & C++ 22t AFY

L

rl

Tdo] ¢%= ity Hud & o=
SWIG <SIE#o]x 3ol Hid JFHS 2] 3ok Pythonol A
)

ool
il
e
i

e 5%

T7F Sl

A 10 ¥ &4 € Python Z= 43
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5. GNU RadioZ ©|£3% USRP #u|7t 54 AY

A 1 3 benchmark_tx and benchmark_rx 23

o]

i1t

de duron ARS Aeshed st Agshs o8 AF F PHY
AZT Mac ASHE Agste] s1219 $/548 H2ES 5 glvk USRP el

bel zpzpe)

o

TdE PHY®F GNU RadioolA ztds] F3dE MACS A&

ModulatorE A &34} Frequency, Antenna Gain & AAsle] HXAEZ}
7}s3tth. Python <Y % benchmark_tx.py’} A&z AlgHE mdolH

benchmark_rx.py 7} §21oll AR5 = 1ot}

/ Implemented Py Thon File
Benchmark (rx or tx) Y
!
Simple MAC RF
x / A/D D/A
Physical layer USRP board
1
Network or USE interface

Implemented on GNU Radio
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(¥ 21) Benchmark 28 A|2~® 2

[ 5] Benchmark 23 A&l A}gf

A 7k
Frequency 2.4G
Modulator BPSK
Benchmark 2&e] st Ax®l FxE= (28 2137 #rh o] AL
OFDMO.% < USRP 4| 3te] packet &S @Al o2 HoF= oA o]H
o ghe] wEHE FALNSE g # v

[ 5]= AAl HEEES 7] 98 A" Aot F34+= 2.4 GHz

BPSK ModulatorE o]-&3%t} 9 348 53] PCl1 - PC2 3H

pktno:
pktno:
pktno:

pktno:
pktno:

n_rcvd;
n_rcvd:
n_rcvd:
n_rcvd:
n_rcvd:
n rcvd:

(138 23)& benchmark_rx9 41 AHE Ho
a9 7lE FASHA Zs WE YERdT A
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n_right;
n_right:
n_right:
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n_right:
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o] oA+ benchmark® Followol] #&E2dA AFsls ojrful <lg o] A%}
a9 AFES EE3%}h Benchmark A # 3 w27k 2 GNU Radio®} USRPI A
2| A3l= PHY, MAC A= 520 A A &3+ Universal Tun/Tape|gte 714+

YEY A ogHo]~E Ea) TCP/IPE AMg3dte] H|A~EV} 7F5 3t

Universal Tun/Tape #HE2A Aol AFEA Tz ;S Y3 A|ldyH+=
=

7 MEYA Aoty dibd o AR H= UHEYAHS =49 UESAA
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Annlicatinn laver e.g. Ping, HTTP, FTP, ...

Linux socket interface

Transnort laver

Netwn rk laver gere"" Provided by Linux Y

Nata link laver

Virtual network interface, RF
2.0, TAP interface in
ASD D/A
Phvsiral laver
Network or USE interface USRP board

Implemented on GNU Radio

(¥ 24) Tunnel.py 238 A"l %

(29 24)% Tunnel.py Aol st A]x¥l FAS YeRdT 252004
A&t 4 ASS T3 USRP AH|of AMgx X213l Tunnelpy A3
7Rl ol Qo] AgE Sl M o]® <l TCP/IPE AREshe

ARg2F Ze o n g AETL 7Hsst

Tunnel.py Aol tid Hl2Es b33 22 A st w4 F

el PCet USRP #H|E Z2 dAZste] PC-USRPIF T4l& A

et

N

i

PN
T AES

i

[

F1aL, Tunnel.pyS A& ste] 713 e A o] =81 grOE &8t A0

Tunnel.py o o3 FHL [ 6]7 v} Benchmark A& vlzrA =2
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T34 2.4 GHzol a1 BPSK Modulator & ©] 8%t}

[¥ 6] Tunnel.py A3 A& A}g+

A #
Frequency 2.4G
Modulator BPSK

Tunnel.pyS HIAE 317] Y ZF PCxF IPE [ 713 o] A3t} USRP

f
a
X,

=

N

9

o

o

i)

9] 1Pe} gr0 Sl o] [PE T glow zhzh s

[ 7]1P 7

PC 1(PC) PC 2 (VM)
USRP Device IP 192.168.10.1 192.168.10.1
gr0O Interface IP 192.168.1.10 192.168.1.20
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icmp_reg=10
icmp_reg=1¢
icmp reg=1¢
icmp_reg=1¢
icmp_reg=1¢
icmp_reg=10
' 1040

from
from
from
from
from
from
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x: ok = True len(payload)
¢: len{payload) = 98
: ok = True len(payload)
x: len(payload) = 98
x: ok = True len(payload)
¢: len(payload) = 98
x: ok = True len(payload)
: len(payload) = 98
: ok = True len(payload)
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A wo) A A% AR WA Z2IHL Wireshark® o] G3ko] A

FAE RS FlE mgon Ay= (19 27)3 2k

H

1 A7} pingS 9% T2 EF2 ICMP (Internet Control Message Protocol)

o} Atf IPE 2dol7] 93 ARP (Address Resolution Protocol) & AM&3l:=

153



No. Source Destination Protacol Length Info
T 1o0.00s080  192.168.1.100 192.168.1.181 ICMP  og Echo (ping) request id=8x27bb, seq=1140/29768, ttl=64
2 9.800027 192.168.1.101 192.168.1.160 IcHp 9g Echo (ping) reply id=ex27bb, seq=11408/29760, ttl=64
3 2.002625 32:8d:69:cl:d7:b8 52:66:b8:cl:b2: 12 ARP 42 Who has 192.168.1.1607 Tell 192.168.1.101
4 3.002422 32:8d:69:cl:d 52:66:b8:c1:b2: 2 ARP 42 Who has 192.168.1.1007 Tell 192.168.1.101
5 4.002640 32:8d:69:c1:d7:b8 52:66:b8:cl:b2:2 ARP 42 Who has 192.168.1.1007 Tell 192.168.1.101
;949152 1.100 L168.1.10 ; og Echo (pit b
7 6.040170 32:8d:69:c1:d7:b8 Broadcast ARP 42 Who has 192.168.1.1007 Tell 192.168.1.101
8 7.0938398 32:8d:69:c1:d7:b8 Broadcast ARP 42 Who has 192.168.1.1607 Tell 192.168.1.101
9 7.847865 192.168.1.100 192.168.1.101 P og Echo (ping) request 1id=8x27bb, seq=1147/31492, ttl=64
16 8.938553 32:8d:69:c1:d7:b8 Broadcast ARP 42 Who has 192.168.1.1007 Tell 192.168.1.101
11 11.0808272 192.168.1.108 192.168.1.1681 ICMP gg Echo (ping) request id=8x27bb, seg=1151/32516, ttl=64
12 11.080309 32:8d:69:cl:d7:b8 Broadcast ARP 42 Who has 192.168.1.1067 Tell 192.168.1.101

D Frame 6: 98 bytes on wire (784 bits), 98 bytes captured (784 bits)

b Ethernet II, Src: 52:66:b8:c1:b2:f2 (52:66:b8:c1:b2:f2), Dst: 32:8d:69:c1:d7:b8 (32:8d:69:c1:d7:b8)
P Internet Protocol Version 4, Src: 192.168.1.100 (192.168.1.100), Dst: 192.168.1.101 (192.168.1.101)
I Internet Control Message Protocol

0006 32 8d 69 c1 d7 b8 52 66 b8 cl b2 T2 68 00 45 80
0016 00 54 00 60 40 00 40 @1 b6 8 cb a8 01 64 co a8
0026 B1 65 08 80 79 d5 27 bb 04 7a 18 de a4 50 a9 c3
0036 ©0 00 08 @9 @a 6b 6c @d Ge ©f 10 11 12 13 14 15
0040 16 17 18 19 la 1b 1c 1d 1le 1f 20 21 22 23 24 25 § 5
0050 26 27 28 29 2a 2b 2c 2d 2e 2f 30 31 32 33 34 35 &'()*+,- ./012345
0068 36 37 67

(2" 27) =41 o

=
i)
2

$-dE o83 AxE EFd TCP/IPE AH&3t= F 7HA9 =33 Web

oE thest ge

Server %< %3] Tunnelpy’} A

H2EE 1853l

-  TCP/IPE o] &3 Server — Client =2 ¢ Simple Chatting TZ1#

-  TCP/IPE o] &3 Server — Client 29| File A4 T2 1%

-  HTTPE AF&3}e] Web Server g4

Al 3 & Simple Chatting T213

Tunnel.pyE ©|€3to] Simple Chatting TEI13HE E3] 133 g AEo|t}
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o] LZa:ME TCP/IP 7]4bol Server — Client 222 Client S04 HA| A=
HUWA  Server oA FAalste] tiAl HEH Client2 A AEshe= Fxolth

Server PC+= A& PC 1, Client PC+= A A E PC2E &35} o

“Croot@sdrl:~/etri/test/chat# .fch t s
1 Uwer Connect{IP: 192_168.1.20
[ test] hellu my workd

[test] Thank you!!
[test] abcdefg

(¥ 28) Simple Chatting (Server PC)

22 69.532155 192.168.1.10 192.168.1.20 TCP 91 scp-config > 57877 [PSH, ACK] Seg=1 Ack=1 Win
23 69.532195 192.168.1.20 192.168.1.10 TCP 66 57877 > scp-config [ACK] Seq=1 Ack=26 Win=153
24 76.849788  192.168.1.20 192.168.1.10 TCcP 88 57877 > scp-config [PSH, ACK] Seg=1 Ack=26 Wi
25 76.889907 192.168.1.10 192.168.1.20 Tcp 66 scp-config > 57877 [ACK] Seq=26 Ack=23 Win=15
26 76.900365 192.168.1.10 192.168.1.20 TcP 8g scp-config > 57877 [PSH, ACK] Seq=26 Ack=23 W
27 76.900379 192.168.1.20 192.168.1.10 Tcp 66 57877 > scp-config [ACK] Seq=23 Ack=48 Win=15
28 80.360720 192.168.1.20 192.168.1.10 TCP 80 57877 > scp-config [PSH, ACK] Seg=23 Ack=48 W
29 80.396589 192.168.1.10 192.168.1.20 TCP 80 scp-config > 57877 [PSH, ACK] Seq=48 Ack=37 W
30 80.396610 192.168.1.20 192.168.1.10 TCP 6 57877 > scp-config [ACK] Seq=37 Ack=62 Win=15
31 82.186990 192.168.1.20 192.168.1.10 TCP g0 57877 > scp-config [PSH, ACK] Seg=37 Ack=62 W

32 82.224027 192.168.1.10 192.168.1.20 TCP 8@ scp-config > 57877 [PSH, ACK] Seq=62 Ack=51 W

[p Frame 33: 66 bytes on wire (528 bits), 66 bytes captured (stbbits)

b Ethernet II, Src: 9e:bl:2a:d4:5b:f3 (9e:bl:2a:d4:5b:f3), Dst: 92:¢0:91:5a:02:98 (92:c0:91:5a:02:98)

P Internet Protocol Version 4, Src: 192.168.1.20 (192.168.1.28), Dst: 192.168.1.10 (192.168.1.10)

P Transmission Control Protocol, Src Port: 57877 (57877), Dst Port: scp-config (10@01), Seq: 51, Ack: 76, Len: @

(19 29) Client #% 794

Port¥ 10000HS A}&-3F3 T,

(29 28, 29+ 77 Sever (PC1) 53 Client (PC2) Zell Wik wAA|

F/EA W7l 04 stdeltt. (¥ 28)2  ®W Clientd]  PC2
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(192.168.1.20)°14 &= WAIAE HFH oz FAlste] & Ao &4

ol
s
S
o

& 7 Stk (2" 29)= TCPE ol &sto] dFsiA W= sfzlo] gt

=
ofo
tio
flfz

T AT

A4 Ad AF Z23F

Tunnel.py & ©o]|&3 File A4S AP3 H|~Eo|t}, Simple Chatting
T2 w72 TCP/IP 7]4bo] Server — Client 24do]™ Client ©A
ServerZ 3¢S AFshe= A dAelt). =z dEFE gdo digk &l

AAA gow W&y HAEAE ¢k 2KB AHE JPEG olR|AE ALse=

waiting for signal, .

connecting, .

filename : test, jpeg
filesize : 2905
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(718 30) Client %! 74

(¥ 30)2 Serverold Aol &dmF 3pHo|t} Test.jpegdhs o|n| A=

RN

2

& wrom 319 Sizew 2905Byte, 86.06%= HFo] ¢unw AS & & Urh

o] TrIaME I3 HAEFES si7ldd AA AVIE v A FAFl =

2yeta %o dEo] ¢ HATh

%

No. Time Source Destination Protocol  Length Info
36 136.201751  192.168.1.20 192.168.1.10 |TCP: 66 51136 > ndmp [ACK] Seq=1 Ack=1 Win=15366
37 139.705758  192.168.1.20 192.168.1.10 TCP 86 51136 > ndmp [PSH, ACK] Seg=1 Ack=1 Win=:
38 139.705807  192.168.1.10 192.168.1.20 TCP 66 ndmp > 51136 [ACK] Seq=1 Ack=21 Win=1536¢

30139926020 192.168.1. 1514 51136 > ndmp Seq=21 Ack=1 Win=15364
40 139.926070  192.168.1.10 192.168.1.20 TCP 66 ndmp > 51136 [ACK] Seg=1 Ack=1469 Win=17:
41 140.014562  192.168.1.20 192.168.1.10 TCP 1122 51136 > ndmp [PSH, ACK] 5eq=1469 Ack=1 Wi
42 140.014604  192.168.1.10 192.168.1.20 TCP 66 ndmp > 51136 [ACK] Seg=1 Ack=2525 Win=20:

» Frame 44: 66 bjrtes on wire (528 bitsj, 66 by‘tés captufed (Sié biis}
» Ethernet II, Src: 92:c¢0:91:5a:02:98 (92:c6:91:5a:02:98), Dst: 9e:bl:2a:d4:5b:f3 (9e:;bl:2a:d4:5b:f3)
+ Int i s ST 92 8 (192.168 (192.168

(" 3D Hd AFe] AFAFH g5 AR7EA e sjFlolt wiA

A4 EAE A HMom EAE AU gYHoR FAE AL
B9l & 5 gk,

A 5 & HTTPE AH8-3te] Web Server 3&
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o] BlAES AL 2% PCo Web ServerE 7}estil [PE o]&sle] =

PColA H<38lE HAEo|th HAEE Web ServerZF A X% PC2(192.168.1.20)

¥} PC1(192.168.1.10)¢] &7l zl&s}3iTh

H2Eo ) whale pC29 7Fs $9 Web Server?] PHP HIAE Ho|x] &

PC1el A4 USRPZ#H]| ¢} GNU Radio, Tun/Tap< &3l F&she Jei= st

No. Time Source Destination Protocol  Length Info
74 384.326926  192.168.1.20 192.168.1.18 TCP 74 http > 55355 [SYN, ACK| Seq=@ Ack=1'

76 388.202837 192.168.1.28

192.168.1.18 TCP g6 http > 55356 [FIN, ACK] Seq=8792 Ack

192.168.1.20 TCP 86 55356 > http [ACK] Seg=317 Ack=1449 '
192.168.1.20 HTTP 435 GET /testphp.php?=PHPE9568F34-D428-1

79 388.313987 192.168.1.18
80 388.409433 192.168.1.18

» Frame 83: 435 bytes on wire (3486 bits), 435 bytes captured (3480 bits)
» Ethernet II, Src: 92:c@:91:53:02:98 (92:¢0:91:53:82:98), Dst: Se:bl:2a:d4:5b:f3 (9e:bl:2a:d4:5b:f3)
» Internet Protocol Version 4, Src: 192.168.1.10 (192.168.1.10), Dst: 192.168.1.20 (192.168.1.28)

» Transmission Control Protocol, Src Port: 55355 (55355), Dst Port: http (8@), Seq: 1, Ack: 1, Len: 369
» Hypertext Transfer Protocol

(29 32) PC1elA HTTP = A

(78 32)Z B TCP Protocol®t HTTP Protocols =<l & 4= g9lom,
24 PC 14 PC 20 7}% 592 HTTP Web Servero] H<& gt S ol &
T AN
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A 47 AE

n/ A28 F3k4(24, 60, 70GHz) el A= T4 2AeA ul§Z

Hev el ARE T dEsh] AT AF" F471718 10Gbpsw #4 AE

o
P

Nee Adss AL AF BE2 s 2 oY Judn A w3

ColwAlE R 94 7lE aE3t R dw F AR T Tl nksE FAR

92X, Spatial multiplexing beamforming A% W2loA] £33 2 F A
beamforming vectorE°] Futgo| ulgl W= EAS AZHIT Analog
beamformer$} digital baseband beamformer® 4 Z4&|F= #Ho] RF linke|t}.
wkeF RF linke] 7§47} F313] @wopd o]z digital baseband beamformer?t o =
TE oA A" A} xRt AlAEe] BT EAE 2R RF linke]
M Aol mET RF link 7i57F S8 S o], o] sl A AA Al 2=Hle]
beamforming vector7} ©]4Z¢l A A®E A HA beamforming vectorol
7Fegk M EE sl AAl wAs 2 dFtelA AFeal Matrix

approximation ©]&of 7]¥ksle] B4 WH S A A5t}
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